Abstract Endothelial cell (EC) activation and inflammation is a key step in the initiation and progression of many cardiovascular diseases. Targeted delivery of therapeutic reagents to inflamed EC using nanoparticles is challenging as nanoparticles do not arrest on EC efficiently under high shear stress. In this study, we developed a novel polymeric platelet-mimicking nanoparticle for strong particle adhesion onto ECs and enhanced particle internalization by ECs. This nanoparticle was encapsulated with dexamethasone as the anti-inflammatory drug, and conjugated with polyethylene glycol, glycoprotein 1b, and trans-activating transcriptional peptide. The multi-ligand nanoparticle showed significantly greater adhesion on P-selectin, von Willebrand Factor, than the unmodified particles, and activated EC in vitro under both static and flow conditions. Treatment of injured rat carotid arteries with these multi-ligand nanoparticles suppressed neointimal stenosis more than unconjugated nanoparticles did. These results indicate that this novel multi-ligand nanoparticle is efficient to target inflamed EC and inhibit inflammation and subsequent stenosis.
Introduction
Cardiovascular diseases and diabetes mellitus continue to be the major causes of death. The activation of vascular endothelial cells (EC) during inflammation results in the expression of adhesion molecules, leukocyte adhesion and activation, and release of inflammatory cytokines, all of which are key steps in the initiation and progression of cardiovascular diseases [1] [2] [3] . Drugs such as dexamethasone (Dx) and nitric oxide donor have been demonstrated to inhibit EC inflammation [4, 5] . Dx is a potent anti-inflammatory steroid and its efficacy in reducing post-stent restenosis has been demonstrated when it is administered either systemically or through drug-eluting stents (DES) [6, 7] . However, its prolonged systemic use is associated with a number of side effects such as muscle atrophy [8] , osteoporosis [9] , and diabetes [10] . There are also situations where drug-eluting stents are not appropriate treatment options; including at locations exposed to mechanical flexion, at large vascular bifurcations, or in patients unable to take potent blood thinning medications. Therefore, a targeted delivery of anti-inflammatory drugs such as Dx to inflamed EC is ideal to achieve therapeutic goals with minimized potential for systemic complications.
Recently, nanoparticles (NPs) have increasingly been tested as vehicles for drug delivery as they provide more therapeutic payloads to pathologic tissues with specific "targeting ligands" attached to the particles, leading to less systemic side Hao Xu and Soujanya Kona equally contributed to this manuscript.
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Electronic supplementary material The online version of this article (doi:10.1007/s12265-013-9460-5) contains supplementary material, which is available to authorized users. effects and toxicity [11, 12] . Although NPs can be easily taken up by ECs at static condition or low shear stress flow, they do not sufficiently arrest on ECs under high shear flow [13] . In addition, internalizing these NPs, an essential step for the drug delivery, is also greatly reduced under arterial level shear stress [14] . Hence, enhancing NPs adhesion and uptake by inflamed ECs under arterial flow conditions (>10 dyn/cm 2 ) is critical for these NPs drug carriers.
Platelets adhere to inflamed ECs and sub-endothelial layer at sites of vascular injury, triggering platelet activation and thrombus formation. This platelet-EC adhesion under flow conditions is mediated by the binding of platelet glycoprotein 1b (GP1b) to P-selectin and von Willebrand Factor (vWF) expressed on the surface of inflamed EC membrane and sub-endothelium [15] . Cell penetrating peptides having the sequences of membrane-interacting proteins such as transmembrane domains, signal peptide, or fusion proteins, have been found to facilitate the transport of large biomolecules into the cells [16, 17] . Inspired by these observations, we developed a novel type of platelet-mimicking multi-ligand NPs that have enhanced cellular internalization property and tested them for delivering anti-inflammatory drugs to inflamed ECs and sub-endothelium (Fig. 1) . Poly(L-lactic-co-glycolic acid) (PLGA), an FDA-approved biodegradable polymer was used to fabricate these NPs. Dx was chosen as the prototype drug for its potent antiinflammatory effect. Polyethylene glycol (PEG) was used to inhibit the opsonization of NPs and extend their life-span in the circulation. PEG also works as a spacer for conjugation of GP1b and trans-activating transcriptional peptide (TAT), one of the cell penetrating peptides facilitating cellular internalization. We hypothesized that such multi-ligand NPs could have enhanced adhesion to and internalization by inflamed ECs under high shear force, and effectively inhibit endothelial cell inflammation.
Materials and Methods

Materials
PLGA (inherent viscosity 0.15-0.25 dl/g, copolymer ratio 50:50) with a carboxyl end group was purchased from Lakeshore Biomaterials (Birmingham, AL). Bi-functional PEG (NH 2 -PEG-COOH) was a product of Laysan Bio inc. (Arab, AL). Human aorta endothelial cells (HAEC) were purchased from PromoCell Corp., Germany. Medium 199, fetal bovine serum, and low serum growth supplement, FM® 4-64 FX dye were purchased from Invitrogen, Inc. (Carlsbad, CA). Glycocalicin (MW 145 kDa), which consists of the extracellular part of GP1b alpha, was prepared from platelets as previously described [18] . Biotin-TAT (sequence: G-RKKRRQRRR) was purchased from Anaspec inc. (Fremont, CA). All other chemicals if not specified were purchased from Sigma-Aldrich, Inc. (St. Louis, MO).
Multi-Ligand NPs Preparation
We first synthesized Dx-encapsulated PLGA NPs using a double emulsion method [19] , followed by the conjugation of PEG, glycocalicin (GP1b), and TAT on the particle surface [20] (supplementary materials). These particles are named PLGA-PEG-GP1b, PLGA-PEG-TAT, or PLGA-PEG-GP1b/TAT NPs, in accordance with the ligands conjugated on these NPs.
Characterization of Multi-Ligand NPs
The NPs size, polydispersity, and surface charge (zeta potential) before and after ligand conjugation were measured using dynamic light scattering (ZetaPLUS, Brookhaven Instruments, NY). The morphology of NPs was annotated under transmission electron microscopy (FEI Tecnai G2 Spirit, OR). The conjugation of PEG on PLGA NPs was verified using Fourier-transform infrared spectroscopy (FTIR) (Nicolet 6700 FTIR spectrometer, Thermo Fisher Scientific). The loading efficiency and dynamic release profile of Dx from synthesized multi-ligand NPs were also determined using methods described in the Supplementary materials.
Adhesion of Multi-Ligand NPs on P-Selectin or vWF Under Flow
P-selectin or vWF-coated surfaces were used as the substrates in flow systems to test the adhesion of PLGA-PEG, PLGA-PEG-GP1b, or PLGA-PEG-GP1b/TAT NPs, as previously described [21] . The amounts of attached NPs were quantified after 30 min of perfusion at a flow that generated 10 dyne/cm 2 shear stress (see detail in supplementary materials). 
Uptake of Multi-Ligand NPs by Inflamed EC Under Static or Flow Conditions
HAEC grown on glass slides were first activated by histamine as previously described [22] . They were incubated with coumarin-incorporated PLGA-PEG, PLGA-PEGGP1b, or PLGA-PEG-GP1b/TAT NPs (200 μg/ml) at static or under flow condition by mounting glass slides on a customized flow system [23] that was perfused with NPs suspension at an arterial level of shear stress (10 dyne/cm 2 ). After 30 min, the cells were gently washed and lysed with 1 % Triton X-100. The fluorescence intensity of cell lysates (from coumarin-incorporated NPs) was measured to determine the amount of NPs uptaken by the cells, by comparing it to a standard curve established between the NP concentration and fluorescence intensity. The amount of cells was quantified by measuring the total cell DNA using the QuantiT™ PicoGreen® dsDNA Assay (Invitrogen Inc). The amount of NPs uptaken by the cells was then normalized to the amount total cell DNA, and the uptake of ligandconjugated nanoparticles was compared with that of control (unconjugated) nanoparticles (presented as a percentage of the PLGA-PEG control group).
In addition, particles uptaken by ECs were visualized under a confocal microscope after staining the cells with cell membrane dye FM® 4-64 FX (5 μg/ml) for 5 min immediately after incubation with the NPs.
Localization of Multi-Ligand NPs on Injured Rat Artery Ex Vivo
Animal studies were performed in accordance with the animal welfare policy and IACUC-approved protocol by the University of Texas at Arlington. In brief, the right common carotid artery of Sprague-Dawley rats (300-500 g) was injured by three repeated inflations of angioplasty balloon catheter (1.5 mm × 8 mm, PTCA Dilatation Catheter, Boston Scientific Corp.) to 8 psi and maintained for 30 s. For visualization and quantification of NPs uptaken and accumulated by injured arteries, near-infrared dye NIR-797 was loaded inside the multi-ligand NPs. Immediately after vessel injury, 50 μl of PLGA-PEG, PLGA-PEG-GP1b, PLGA-PEG-TAT, or PLGA-PEG-GP1b/TAT NPs suspension (200 μg/ml suspended in normal saline) was injected into the injured artery segments with both ends temporarily clamped. After a 30-min incubation, the blood flow was restored. The animals were killed after another 30 min. The treated carotid artery was quickly dissected, rinsed to remove blood, then measured of the nearinfrared intensity using Kodak In Vivo FX Pro imaging system at a wavelength of Ex 760 nm/Em 830 nm to quantify the amount of NPs retained in the artery wall.
Anti-Restenosis Effects of Multi-Ligand NPs on the Injured Rat Artery In Vivo
A rat carotid artery was injured as described above. Fifty microliters of either normal saline (NS), Dx-loaded PLGA-PEG NPs suspension (200 μg/ml suspended in NS), Dxloaded PLGA-PEG-GP1b/TAT NPs suspension (200 μg/ml suspended in NS), or Dx solution (3 % w/v in NS) were injected into the injured carotid artery segments via infusion catheter as described previously [24] . Five rats were used in each experimental group. Since previous studies had found no significant differences between ligand-conjugated PLGA NPs with the sham (saline) control group in neointima stenosis [25, 26] , we omitted NP groups without drug loading in our animal studies. These animals were killed, and the carotid arteries were collected and processed for histological analysis 14 days after arterial injury. Ten cross-sections along each treated artery segment were cut (6 μm thick) and stained with HE and Hart's elastin stain. Video microscopy with computerized digital planimetry was used to measure areas of the lumen, intima (limited by the internal elastic lamina), and arterial wall (limited by the external elastic lamina). The intimal hyperplasia was evaluated by the intimal area (in square millimeter) and ratio of intima area normalized to total wall area [27] .
Statistical Analysis
Results were analyzed using StatView 5.0 software (SAS Institute). Data were presented as mean ± stand error of the mean. p<0.05 presented the existence of significant statistical differences between compared groups (n=3-6 experiments).
Results
Characterization of Multi-Ligand NPs
The synthesized PLGA NPs were spherical with diameters of ∼200 nm or less as illustrated by TEM (Fig. 2b) . The mean hydrodynamic diameter of these NPs measured by DLS increased slightly from 188 to 197 nm after incorporating of PEG, and further to 241 nm after GP1b and TAT conjugation (Fig. 2a) . The homogenicity of these NPs decreased after surface modifications, as reflected by the increased polydispersity index from 0.14 to 0.31. The surface charge was reduced from −26 mV of unmodified NPs to −6.5 mV after GP1b and TAT conjugation. The conjugation of PEG to PLGA NPs was verified using FTIR analysis. As shown in Fig. 2c , unmodified PLGA NPs have a sharp peak at 1750 cm −1 , a characteristic for carbonyl groups of an ester bond. The peaks at around 3000, 1670, and 1560 cm −1 are all attributed to amine groups of PEG. After PEG conjugation, the carbonyl amide peaks shrank, with the appearance of a new prominent peak at 2215-2240 cm −1 . This is a characteristic for the formation of a ═C-N bond. Together, these changes of reflection spectrum indicate the successful binding between PLGA and PEG. The loading efficiency of Dx in multi-ligand NPs was calculated to be 63.5 %. The in vitro release of Dx from these NPs exhibited a biphasic profile (Fig. 2d) . Up to 35 % of loaded Dx was quickly released within the first 24 h and the rest at a sustained rate that lasted for 4 weeks.
Adhesion of Multi-Ligand NPs to P-Selectin or vWF Under Flow
The adhesion of PLGA-PEG-GP1b NPs to a P-selectin or vWF-coated surface under 10 dyn/cm 2 of shear stress was significantly greater (>85 %) compared to PLGA-PEG particles. A double conjugation of GP1b and TAT (PLGA-PEF-GP1b/TAT) did not further increase particle adhesion (Fig. 3) .
Cellular Uptake of Multi-Ligand NPs
PLGA-PEG-GP1b NPs taken by activated HAECs were significantly increased (>80 %) compared to PLGA-PEG NPs (control group) under static conditions (I of Fig. 4 ). In addition, the conjugation of TAT (PLGA-PEGGP1b/TAT) further significantly enhanced NPs uptake. Under a shear stress of 10 dyn/cm 2 , the uptake of the PLGA-PEG NPs and PLGA-PEG-GP1b NPs were reduced to ∼40 % compared to their relative uptake under static conditions. However, the uptake of PLGA-PEG-GP1b/TAT NPs remained more than 70 %. As shown in II of Fig. 4 , more NPs (green dots) were internalized by activated ECs when they were decorated with GP1b and TAT (II-c of Fig. 4 ) than those which were conjugated with GP1b alone (II-b of Fig. 4) . On the other hand, only a few PLGA-PEG NPs were taken by the cells (II-a of Fig. 4 ).
Retention of Multi-Ligand PLGA NPs in Injured EC in Vivo
By visualizing and quantifying fluorescence intensity, we found that the amount of PLGA-PEG-GP1b NPs retained in injured carotid arteries was more than four times of that with PLGA-PEG NPs (Fig. 5) . PLGA-PEG-GP1b/TAT NPs further increased particle retention to more than ten times as compared to PLGA-PEG NPs. PLGA-PEG-TAT NPs had a similar level of particle retention as PLGA-PEG NPs.
Inhibition of Intima Stenosis In Vivo
Intima stenosis (intima area/total wall area=0.55) resulting from endothelial injury was significantly reduced by the treatment with Dx either alone or loaded in multi-ligand NPs (intima area/total wall area=0.21 or 0.18, respectively) as shown in Fig. 6 . In contrast, Dx-incorporated PLGA-PEG NPs only slightly reduced the intima stenosis (intima area/total wall area=0.44, p=0.08 vs NS (normal saline)).
Discussion
Developing an NP carrier to deliver anti-inflammatory drugs to inflamed arterial wall has long been a challenge as high shear stress in the blood flow impedes the particle adhesion and uptake by the endothelium. Inspired by the platelet-EC adhesion during blood coagulation under physiological flow conditions, we developed a novel type of multi-ligand (PEG, GP1b, and TAT)-coated NPs for a targeted delivery of therapeutic reagents (Dx as the model drug in this study) to inflamed or injured endothelial cells on the arterial wall. These multi-ligand NPs have a significantly greater rate of adhesion to a surface that was coated with P-selectin or vWF as well as to activated ECs in vitro under static and flow conditions as compared to unmodified particles. As a result of these enhanced adhesions and uptake, these Dx packed multi-ligand NPs significantly suppressed the intima stenosis of an injured artery, at a level that was only achieved with a significantly higher concentration of Dx than what was packed in these NPs. These results demonstrate that these novel multi-ligand NPs improved the efficiency of delivering Dx to inflamed ECs.
Many factors including materials, particle size, and surface-bond moieties can affect the retention of NPs in the circulation. We used PLGA to formulate these NPs because they have been approved by the FDA for drug delivery. PLGA NPs loaded with paclitaxel or Dx have been used to inhibit the proliferation of smooth muscle cells during endovascular interventions [26, 28, 29] . PLGA NPs formulated in our study burst released 35 % of loaded Dx within the first day, followed by a sustained release over a month. This drug-releasing rate is similar to other contemporary studies [30] . The drug release rate of PLGA NPs can also be altered by varying the ratio of lactide and glycolide of the PLGA materials [31] . We synthesized NPs with a 200-nm diameter because NPs with a diameter between 100 and 200 nm have a comparatively longer half-life in the circulation due to their sizes being large enough to avoid uptake in the liver, but small enough to avoid filtration in the spleen [32] .
The surface modification that we opted for has been widely used for optimizing the rate of NPs adhesion and retention. PEG is one of the most widely used materials to decorate NPs that provide a "stealth effect" to improve particle stability, solubility, and reduce immunogenicity in the blood [33] . Three common methods for PEG decoration are: covalent conjugation of PEG on PLGA particle surfaces after synthesis, conjugation of PEG to PLGA before particle synthesis, and ring opening-copolymerization of PEG with PLA/PGA [34] . The direct conjugation of PEG to PLGA NPs after particle synthesis, as used in this study, does not render the highest PEG surface density. However, it does not disturb the drug-polymer hydrophobic or charge interactions. Excessive surfactants and toxic soluble byproducts generated during conjugation can also be easily removed using this method.
The ligands GP1b and TAT were conjugated on the NPs surface to facilitate particle adhesion and internalization by inflamed ECs. GP1b is the ligand binding subunit of the glycoprotein Ib-IX-V complex that is almost exclusively expressed on platelets. It binds P-selectin and vWF expressed on inflamed endothelial cells and sub-endothelium [35] . In comparison to adhesion molecules such as integrins that mediate cell adhesion primarily at low shear stress, GP1b can effectively interact with P-selectin and vWF at a high level of shear stress found in arterioles and small arteries [15, 36] . The selectin-counter-receptor P-selectin glycoprotein ligand-1 [37] , biotinylated-Sialyl Lewis (X) [38] , and monoclonal antibodies against E-and P-selectin [39] have also been reported to enhance NPs adhesion onto ECs under flow conditions.
Cell penetrating peptides (CPP) have been used to assist the cellular internalization of NPs [40, 41] . The HIV TAT was the first CPP discovered in 1988 and now has many naturally derived peptide analogs [42, 43] . We found that TAT did not favor particle adhesion (Fig. 3) , but greatly increased NPs internalization by activating ECs under flow conditions (Fig. 4) . The internalization of NPs involves several endocytotic pathways, including caveolar-mediated endocytosis, clathrin-medicated endocytosis, and macropinocytosis. TAT primarily assists in macropinocytosis [44] . Here, we found that the cellular uptake of these multi-ligand NPs was reduced to 50, 80, and 60 % when chlorpromazine (clathrin inhibitor), filipin (caveolae inhibitor), and amiloride (macropinocytosis inhibitor) were used, respectively (data not shown), suggesting that multiple pathways were involved simultaneously in the internalization of the multi-ligand NPs.
Using a rat surgery model, we show that these multiligands significantly enhanced the adhesion and uptake of Dx packed NPs by injured carotid arteries under arterial blood flow (Fig. 5) . The treatment of an injured carotid artery with these Dx-incorporated particles inhibited stenosis to a level similar to that achieved by significantly higher concentrations of Dx without being packed in these NPs (Fig. 6) . These NPs could sustain therapeutic dosages of a given drug to the targeted cells, with potential reduction in systemic side effects. One limitation of this research is that we were not able to observe the particle retention in the arteries when the wound was closed in the animal study, possibly because only a small amount of particles were used and the NIR signals of these NPs were not intense enough to penetrate the vessel wall. More advanced techniques, such as magnetic resonance imaging combined with magnetic material-loaded NPs might be more sensitive for real-time detection [45] .
Conclusion
In the present study, we developed a novel multi-ligand (GP1b/TAT) decorated PLGA NPs for targeted delivery of Dx to inflamed ECs. Both in vitro and in vivo data demonstrated that these particles improved adhesion and cellular internalization by inflamed ECs compared to unmodified NPs, even under high fluidic shear stress. Treatment of injured carotid artery with these NPs suppressed neointimal 
